We report magnetostatic measurements for granulated films (CoFeB) x -(SiO 2 ) 1−x with fabrication induced intraplanar anisotropy. The measurements have been performed in the film plane in the wide temperature interval 4.5÷300 K. They demonstrate that above films have low-temperature anomaly below the percolation threshold for conductivity. The essence of the above peculiarity is that below 100 K the temperature dependence of coercive field for magnetization along easy direction deviates strongly from Neel-Brown law. At temperature lowering, the sharp increase of coercivity is observed, accompanied by the appearance of coercive field for magnetization along hard direction in the film plane. We establish that observed effect is related to the properties of individual ferromagnetic granules. The effect weakens as granules merge into conglomerates at x higher then percolation threshold and disappears completely at x > 1. We explain the above effect as a consequence of the difference in thermal expansion coefficients of granule and cover material.
I. INTRODUCTION
The nanogranulated ferromagnets are composite materials, consisting of ferromagnetic granules embedded in nonmagnetic matrix. The average granules size in such composites (below conductivity percolation threshold) lies in nanometric range. The granulated structures have high magnetization and magnetization reversal speed. The matrix material can be either non-magnetic metal or dielectric. In the latter case, the structures have high resistivity and demonstrate magnetoresistance which makes these structures to be promising as magnetic sensors. The typical representatives of this class of materials are granulated ferromagnetic films (CoFeB) x -(SiO 2 ) 1−x 1,2,3,4 . In such systems, giant magnetoresistance is observed at x below percolation threshold 5 , the anisotropic magnetoresistance is observed above this threshold 6 and their joint manifestation occurs close to the threshold 7 , making these films to be promising as magnetoresistive sensors.
The majority of studies of above composites are related to their high-frequency and magnetotransport properties at room temperature as their possible applications are expected in latter temperature range. Nevertheless, their low-temperature magnetostatic investigations can be also interesting, although they are poorly represented in a literature. The number of low-temperature studies has been devoted to the effect of intergranular magnetic interactions and corresponding correlation of granules magnetic moments directions below certain temperature. The great deal of available low-temperature studies of nanogranulated films is devoted to the effects of blocking of thermoactivated magnetization reorientation in monodomain ferromagnetic granules. Latter effects generate the temperature dependence of films coercive field and remnant magnetization, which is a bit different for different types of magnetic anisotropy. The discussion of temperature dependence of films coercive field and remnant magnetization, unrelated to the above blocking is almost absent in a literature. In particular, to the best of our knowledge, there are no papers discussing the low-temperature manifestations of magnetoelastic interactions in magnetostatic and/or magnetoresonant properties of granulated ferromagnetic films. Actually, there is quite small number of papers devoted to the magnetoelastic properties of the above films. We think that this is related to the fact, that according to Ref. 8 , the magnetoelastic effects in a composite are much weaker then those in a bulk ferromagnet. Below we show that in spite of the above, the magnetoelastic effects can generate nontrivial low-temperature anomalies in the physical properties of nanogranulated ferromagnetic films.
In the granular films ((CoFeB) x -(SiO 2 ) 1−x , which will be considered below, the uniaxial intraplanar anisotropy in the film plane appears in the process of fabrication. This anisotropy is the same for each granule and conserves below percolation threshold. Also, the fabrication technology permits to obtain very small dispersion of granule sizes. This means that below percolation threshold such granular system can be considered as an easy-axis oriented ensemble of Stoner-Wolfarth (SW) particles 9 . According to Neel-Brown law 10 , for such ensemble, the coercive field depends on temperature as a square root for magnetization along the easy axis:
where
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Here T is a temperature, K is the anisotropy constant, V is a particle volume, m gr is its magnetization, k is Boltzmann constant, t is a measuring time, f 0 is a factor characterizing the attempt frequency in Arrhenius law (the usual range here is 10
is socalled blocking temperature. Latter quantity is a boundary between temperature range T < T
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, where the state of the granules ensemble is metastable (blocked) during measurement time t with respect to thermally activated reorientations of granules magnetic moments and T > T be related to the temperature dependence of the magnetic anisotropy constant of granules material. The other remark is that the approach of SW particles ensemble is invalid for the case of sufficiently strong interparticle magnetic interaction. In this case, the character of magnetization curves can alter substantially. Namely, the coercivity, related to "superferromagnetic" 14 or "superspinglass" 15 states can appear.
In the present paper, we report the results of magnetostatic measurements for series of nanogranulated films (CoF eB) x − (SiO 2 ) 1−x with different x in the wide temperature range from those close to T
till substantially lower ones (from 300 K till 4.5 K). The measurements are performed for magnetization in the film plane along both easy and hard (in the plane) magnetization directions. We will show that at T < 100K the dependence H c (T ) for magnetization along easy direction deviates strongly from Neel-Brown law. At temperature lowering, the sharp increase of coercivity along easy direction is observed, accompanied by the appearance of coercive field for magnetization along hard direction in the film plane.
The similar to this low-temperature behavior has not been described in the literature earlier.
We explain this behavior as a manifestation of magnetoelasticity of ferromagnetic granules under change of their envelopment by matrix material at temperature variations. In other words, we explain such behavior as a consequence of granulated structure of such films. This hypothesis will be checked by ferromagnetic resonance (FMR) measurements in these films.
II. EXPERIMENTAL DETAILS
The granulated ferromagnetic films (Co 0.25 F e 0.66 B 0.09 ) x − (SiO 2 ) 1−x on glassy substrate
were grown in the University of Sojo (Japan) by the method of magnetron sputtering of magnetic and nonmagnetic components on substrate, secured on the rotated and cooled drum. As a result, the interplanar uniaxial anisotropy has been induced in the film plane.
The films thickness is about 500 nm. The details of above technology can be found in Ref. 16 . The results of x-ray studies 7 show that the fabricated films have amorphous ferromagnetic granules with almost spherical shape. The magnetostatic measurements have been carried out on the vibrating sample magnetometer LDJ-9500. The cryostat with temperature stabilisation on the base of gaseous He blow into the working cavity have been used for investigations in the temperature interval 4.5 < T < 295 K. The accuracy of temperature stabilization was ±1 . The FMR measurements at T = 295 and 77 K have been carried out on the X-band radiospectrometers RADIOPAN SE/X-2544 and Bruker -E 500 CW. The FMR measurements under controlled uniaxial film compression along with substrate in its plane have been carried out at room temperature (T = 295 K) only. The compression has been carried out by a special device for pressure creation 17 . The films with x both above and below percolation threshold have been studied. The film with x → 1 has also been investigated, both on the substrate and without it.
III. THE RESULTS OF MAGNETOSTATIC MEASUREMENTS
The results of magnetostatic measurements for the sample with x = 0.55 along easy As it has already been mentioned in the Section I, the dependence H c (T ) for the above system at T < T The peculiarity of the sample with x = 0.70 is that its magnetic component content is higher then percolation threshold so that the part of granules form the continuous conducting channels. That is why in this sample, contrary to two previous samples, the mixture of giant and anisotropic magnetoresistances is observed. The latter fact means that the part of granules is still electrically isolated and these granules take the same part in conductivity as those in continuous conducting channels. It is reasonably to suppose that in this sample both "conductivity percolation" and "magnetic percolation" take place. Latter kind of percolation means that the directions of magnetic moments of neighboring granules are no more independent, but they are rather correlated due to intergranular spin-spin interaction or dipole scattering fields. The dependencies H c (T ) for easy and hard (in the film plane) directions do not have features observed in the samples with x = 0.55 and x = 0.60. This is clear since the percolated (primarily "magnetically percolated") sample cannot be described by Neel -Brown theory as an ensemble of noninteracting SW particles.
Despite that, at low temperatures, the coercive field along hard (in the film plane) direction appears also (see curve 2 on Fig. 4 ), although its value is much smaller then that for the films with x = 0.55 and x = 0.60. The value of remanent magnetization for this direction at T = 4.5 K, which equals to around 40% of saturation magnetization, permits us to conclude that the same percentage of ferromagnetic component in the sample is left as isolated granules. These granules are indeed responsible, similar to above cases of x = 0.55 and x = 0.60, for discussed low-temperature anomaly. The confirmation of this conclusion is the fact that in the samples with even higher (higher then x = 0.70) concentrations (actually up to x → 1), there is no coercivity along hard (in a plane) direction and no anomalous growth of coercivity along easy direction up to T = 4.5 K. The entire magnetization curve for such samples does not alter at lowering temperature. Thus, the fulfilled complex of magnetostatic measurements permits to conclude that above anomalous low-temperature effect in coercivity is observed in the samples below and close to percolation threshold, i.e. it is related to the properties of isolated granules.
IV. DISCUSSION AND POSSIBLE MODEL
The first suggestion about possible physical reason of observed low-temperature anomaly was that the properties of magnetic material alter with temperature lowering. However, as it has already been mentioned above, this effect is substantially weakened in the films with x higher then percolation threshold and completely disappears in a film with x → 1. We consider this concentrational behavior to be the main argument in the discussion of possible physical reasons of the above low-temperature anomaly. Namely, it makes us to conclude, that this effect is not a property of granules ferromagnetic material. One can also suppose that the partial "decoherence" of granules easy axes (due to certain technological details) in a plane occurs at low temperatures. This might lead to the appearance of coercivity along hard direction. But such "decoherence" yield the lowering of remanent magnetization. However, it is seen from Fig. 2b that hysteresis loops have 100% remanence for both above directions at T = 4.5 K, which is possible only in the case when a magnetic field is parallel to the easy axes of all (or almost all) granules.
Since Neel-Brown law is still valid for difference curve H c (T ), we might suppose that at temperature lowering an additional anisotropy appears. This hypothetical anisotropy should be induced both along easy direction, giving rise to deviations from Neel-Brown law and along hard direction, yielding the appearance of coercivity. In this case, the initial technological anisotropy (with easy and hard directions in a film plane), responsible for the shape of magnetization curves for nonpercolated films at T > 100 K, is conserved, yielding the observed temperature dependence of difference curve, following Neel-Brown law. To check this, we have carried out the calculations of hysteresis loops by recursive method 11 for various cases of joint action of different contributions into granules magnetic anisotropy.
First contribution was uniaxial and proportional to K · sin 2 (θ − θ 0 ) with fixed direction of θ 0 axis and old constant K value ("old" anisotropy). Second contribution had temperature dependent anisotropy constant and random axes orientation. Namely, we have considered "randomly oriented" uniaxial anisotropy of K rand · sin 2 (θ − θ rand ) type, uniaxial anisotropy of K rand · sin 4 (θ − θ rand ) type and cubic anisotropy both with fixed and randomly oriented directions of its main axes. These calculations have not given the behavior of hysteretic curves, even qualitatively corresponding to those observed experimentally. To achieve such correspondence we need that easy axis of the additional anisotropy should always (at any magnetization direction in a film plane) be oriented along magnetic field direction.
One of the possible ways of qualitative explanation of observed anomaly is a hypothesis about spontaneous granules magnetostriction generated in the magnetization direction at temperature lowering. The manifestations of such magnetostriction for magnets with spatially degenerate magnetic moment directions (like easy-plane ferro-and antiferromagnets)
have been considered in Refs. 19, 20, 21 . It has been shown there, that the above magnetostriction generates anisotropy with easy axis, which is always oriented along magnetization direction and rotated at magnetization rotations.
In our case, we should note that such possibility is absent for granules at high temperatures since each of them is tightly enveloped by matrix material. It is possible that there exist only some part of "initial" spontaneous magnetostriction as granules easy axes are technologically oriented. This effect reveals as small intraplanar anisotropy. However, the thermal expansion coefficient of matrix material (SiO 2 ) is lower then that of metallic ferromagnetic granule (CoF eB). This difference should yield the partial or complete release of granules from glassy matrix envelopment at temperature lowering and to the possibility of magnetostriction. At granules concentration growth above percolation threshold, they will merge with each other so that for such large clusters the magnetostriction possibilities are limited by its mechanical coupling to substrate. The more lateral dimension has such cluster, the less magnetostriction possibilities it has. At x → 1 this mechanical coupling inhibits completely the possibility of intraplanar magnetostriction for such film.
At high temperatures, when granules are clumped into glassy matrix, the pressure of this matrix compensates the pressure due to magnetostriction so that the granules remain without magnetostriction. At temperature lowering the granules release from the matrix clamping (envelopment) so that the spontaneous magnetostriction can not only appear, but reorient. Under magnetization along easy direction the anisotropy will enhance (as compared to "initial" case), while under magnetization along hard direction its axis will rotate towards the direction of granule magnetization vector. Therefore, if below some temperature the number of such "released granules" becomes sufficient, then under the magnetization along easy direction the magnetostrictive anisotropy will be added to shape anisotropy. In a hard direction, this effect leads to the compensation of shape anisotropy and to appearance of new easy axis of a granule along the direction of magnetic field. Latter causes the reorientation of magnetic moment and spontaneous magnetostriction axis so that the field direction is always "easy".
For the discussed mechanism to realize, the relation between the time of granule sponta- shows that the spontaneous magnetostriction reorientation of a particle can be faster then its magnetization thermal reorientation. In this case the anisotropy related to spontaneous magnetostriction will not stabilize (with respect to thermal fluctuations) the direction of a granule magnetic moment so that our mechanism should not take place 22 . One can suppose, however, that granules do not become completely free from matrix clamping at tempera-ture lowering, in which case the time of granule spontaneous magnetostriction reorientation grows substantially and thermal fluctuations of magnetic moment will not alter the spontaneous magnetostriction orientation. In other words, at fixed magnetic field orientation, the magnetic moment direction will be stabilized by induced magnetostrictive anisotropy along average (over thermal fluctuations) direction. At field output without it rotation, the direction of magnetic moment is stabilized by the above magnetostriction, induced in the magnetic field direction. At the input of a field of opposite direction, the magnetization reversal in such a system occurs abruptly under the influence of thermal hops over barrier due to above induced anisotropy. In other words, latter process is exactly similar to the magnetization reversal process at room temperature along easy direction.
There is a question if the value of spontaneous magnetostriction in CoF eB alloy is sufficient to explain the above effect quantitatively. For above effect to realize it is necessary that the effective field of magnetostrictive anisotropy (which appears in the granules released from matrix clamping) reach the value not less then 100 ÷ 120 Oe, which follows from Fig.2 .
Naturally, latter should not be a field of the anisotropy of the forced magnetostriction induced by the applied magnetic field. Rather, it should be the anisotropy field of spontaneous magnetostriction, reorientable by the applied magnetic field. has quite large magnetostrictive aspect ratio λ s = 4.6 · 10 −5 at its magnetization up to saturation.
The temperature dependence of spontaneous magnetostrictive contribution to the anisotropy, which is always parallel to magnetization direction, is determined by two factors.
First one is (temperature dependent) "degree of release" of granules from matrix clamping.
Second one is (also temperature dependent) a probability of thermal reorientation of magnetic moment, similar to that in the case of conventional SW particles anisotropy.
Let us discuss now the modification of magnetization curves for the measurements along hard (in a film plane) direction at temperature lowering. 
V. VERIFICATION OF ABOVE MODEL BY FMR DATA
Seeking for additional proofs of the presence of above magnetoelastic anisotropy, we measure the ferromagnetic resonance at T = 295 K magnetizing the sample with x = 0.60 along hard (in a film plane) direction. In this experiment, the uniaxial compression has been applied to the sample along easy direction. The pressure was exerted not on the film itself but on a glassy substrate, on which the film has been sputtered. This means that the pressure data could not be immediately rendered into the coefficient of uniaxial compression of a film. But the experiment (see Fig. 6 anisotropy, unrelated to anisotropy of their shape, namely H aθ and H aϕ -the axial and intraplanar components of a film as a whole. Omitting here the unnecessary details, we suppose that the above components can be considered as some effective values, averaged over certain (characteristic for FMR) "measuring time" in a resonant field and a given temperature. This implies that FMR can be described by formulas of Kittel type with temperature-modified magnetizationM and granules anisotropy fields H aθ and H aϕ . The M value is determined
Here f is a factor of bulk sample filling by granules, V g is granule volume, H ir is internal (with respect to demagnetizing energy) field in a film under resonant FMR field, M gS is a granule saturation magnetization and L(x) is Langevin function. Values H aθ and H aϕ should be proportional to H aθ and H aϕ respectively. In general case they are temperature dependent. In the present paper we consider them as experimentally adjustable parameters. For the measurements along easy and hard directions in a film plane the equation, relating M , anisotropy fields and resonant external field H res on the microwave frequency ω reads
where γ is gyromagnetic ratio, 4πM ef f = 4πM (H ir , T ) + H aθ . The signs "+" and "-" before terms with H aϕ correspond to the FMR measurements under magnetization along easy and hard directions in the film plane respectively. The variation of a resonant field under pressure (see Fig. 6 ) occurs from H res = 1080 Oe to H res = 980 Oe. For our estimations we use 4πM ef f ≈ 9700 Gs (this is 4πM value extracted from magnetization curves in a normal to film direction) or 8630 ± 50 Gs (value extracted from FMR measurements in the plane and along normal to a film at T = 295 K, see below). Also, we use (ω/γ) ≈ 3200 ÷ 3100 Oe, which is the value extracted from experimental ω in FMR measurements in the plane and along normal to a film. Having above quantities, we obtain anisotropy field H aϕ without pressure to be H aϕ (P = 0) = 62 ÷ 40 Oe, while at the substrate pressure 220
MPa H aϕ (P = 220 MPa) = 10 ÷ −12 Oe. Hence the pressure, exerted on a film surface in the above configuration reduces the magnetic anisotropy several times or even alters it sign.
This confirms the magnetoelastic nature of intraplanar anisotropy of the films considered and can be regarded as an argument in favor of our model of the low-temperature anomaly in the above intraplanar anisotropy.
One more examination of our idea of magnetoelastic origin of intraplanar anisotropy of the films under consideration has been performed in the film with x → 1, corresponding to almost continuous F eCoB film. This film with around 500 nm thickness, sputtered on glassy substrate, also demonstrates intraplanar 180-degree anisotropy for the field, lying in the film plane. We have prudently separated it from a substrate, thus obtaining a free F eCoB film.
For this film, the angular dependence of FMR line (at magnetic field rotation in the plane of a film) does not show the 180-degree anisotropy. This means that the above anisotropy is due to a uniaxial intraplanar strain, which appears in the process of film growth, i.e. it has magnetoelastic nature.
The aforementioned experiments prove the importance of magnetoelastic interactions in the properties of the films (Co 0.25 F e 0.66 B 0.09 ) x −(SiO 2 ) 1−x . However, they do not give direct evidence that observed low-temperature anomaly in a magnetic anisotropy of these films is related to the spontaneous granules magnetostriction. It follows from the papers 19, 20, 21 that the anisotropy (which is always directed along magnetization vector) arising from spontaneous magnetostriction, should be manifested in FMR. The equations, obtained in Ref.
20 for the expected (due to above anisotropy) FMR line shifts for different magnetic field (relatively to film) orientations cannot be applied directly to nanogranulated films FMR.
But these equations permit to make an important conclusion. Namely, in any case the additional (due to spontaneous magnetostriction) contribution to anisotropy makes arbitrary magnetization direction to be "easy", i.e. it shifts the FMR line towards lower fields as compared to its position without spontaneous magnetostriction. If in our case at T < 100 At temperature variation, the shift of ϕ -dependence at θ = π/2 can be related to the dependence 4πM ef f (T ). As it was mentioned above, the saturation magnetization of a film, extracted from magnetostatic measurements, does not alter with temperature in the region 4.5 < T < 295 K. But the temperature dependence 4πM ef f (T ) can be due to the dependence
FMR θ -dependences have been measured on the microwave frequency 9169 MHz. The maxima of lines for θ = 0 were found to be at H res = 11817 ± 20 and 13462 ± 20 Oe at T = 295 and 77 K respectively. In the approach, similar to that for Eq. (3), the equation for H res (θ = 0) has the form: and easy magnetization directions.
ii) Our measurements for the set of samples with different x show that above lowtemperature anomaly is decreased down to the complete vanishing in the samples with x substantially exceeding the percolation (relatively to conductivity) threshold. Hence it is not a property of granule ferromagnetic material but rather is due to the granularity of the composite.
iii) We suppose that aforementioned effect is related to the appearance (with temperature lowering) of possibility of granules spontaneous magnetostriction and its reorientation at granules magnetic moments rotation by an external magnetic field. Here the easy axis of resulting anisotropy corresponds to that of the applied field regardless its direction in a film plane, both along previous easy and hard directions. Such possibility appears due to granules release from SiO 2 matrix clamping at temperature lowering, which is the consequence of different thermal expansion coefficients of glassy matrix and metallic granules. FMR data prove the substantial magnetoelastic influence on intraplanar anisotropy in the above material, which is qualitative argument in favor of above interpretation of the phenomenon.
Thus, despite the fact, that magnetoelastic effects in granular nanocomposites are much weaker then in a bulk ferromagnet 8 , here we observe the situation, when composite granularity generates anomalous manifestations of films magnetoelasticity at low temperatures. We do not know any previous description of the above effect in the literature. That is why we are unable to make any conclusions about "general nature" of observed effect. At the same time, we have no reasons to speak about its "uniqueness" related to "subtleties" of above samples fabrication technology. In our opinion, the broadening of range of low-temperature magnetostatic and magnetoresonant studies of granular composites with different thermal expansion coefficients of matrix and granules materials would permit to give an answer to the above questions.
